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Manganese  monoxide  nanoparticles  adhered  to  mesoporous  nitrogen-doped  carbons  (MnO-m-N-C)  have 
been  synthesized  and  their  influence  on  cycle  performance  of  nonaqueous  lithium— oxygen  (Li— 02) 
batteries  is  investigated.  It  is  found  that  the  MnO-m-N-C  composites  promote  both  oxygen  reduction  and 
oxygen  evolution  reactions.  They  lead  to  reduced  charge  overpotentials  through  early  decomposition  of 
the  Li202  particles  formed  on  discharge,  especially  at  the  limited  depth  of  discharge  during  the  initial 
several  ten  cycles.  Such  superior  activity  is  attributed  to  the  good  coupling  between  the  nanosized  MnO 
particles  and  the  conductive  mesoporous  nitrogen-doped  carbons,  which  is  helpful  for  improving  ki¬ 
netics  of  both  charge  and  mass  transport  during  the  cathode  reactions. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  rechargeable  lithium-oxygen  (Li— 02)  battery  with  a 
nonaqueous  electrolyte  has  been  the  focus  in  recent  years,  because 
it  may  deliver  a  much  larger  energy  density  than  state-of-the-art 
lithium  ion  battery  1-3  .  A  typical  Li-02  battery  in  most 
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researches  consists  of  a  lithium  metal  anode,  an  aprotic  lithium 
conducting  electrolyte  and  an  oxygen  diffusion  cathode  with  or 
without  a  catalyst.  In  theory,  on  the  cathode  the  oxygen  is  reduced 
to  oxygen  radical,  which  reacts  with  Li+  from  the  electrolyte  to  form 
Li2C>2  upon  discharge.  Reversibly,  the  formed  Li202  is  decomposed 
to  lithium  and  oxygen  on  charge.  Nevertheless,  for  the  real  appli¬ 
cation,  the  cells  face  more  complicated  situations  due  to  de¬ 
compositions  of  the  used  electrolytes  and  carbon-based  electrodes, 
especially  when  the  charge  potential  over  4.0  V  4-11  .  The  side 
products  arising  from  these  decompositions  cause  passivation  of 
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the  air  cathode,  which  further  increases  the  overpotentials  in 
particular  for  the  charge  processes,  eventually  hindering  reversible 
formation  and  decomposition  of  the  U2O2  [12—14].  Therefore, 
many  efforts  have  been  made  in  order  to  promote  the  oxygen 
evolution  reaction  and  reduce  the  charge  overpotentials  15-29]. 
Various  kinds  of  materials  such  as  carbon-based  materials  [15,16], 
noble  metals  17-21  ,  metal  oxides  [22,23]  and  nitrides  [24,25], 
perovskites  [26,27],  and  pyrochlores  [28,29]  were  synthesized  and 
used  as  catalysts  in  nonaqueous  Li-02  batteries.  Among  these 
catalysts,  manganese  oxides  (MnOx)  with  various  oxide  phases  as 
well  as  different  means  of  preparation  have  attracted  much  atten¬ 
tion  because  of  their  good  electrocatalytic  activity,  low  cost  and 
benign  character  to  environment  [30,31  .  It  was  reported  that  the 
MnO  and  Mn203  samples  have  the  similar  catalytic  activity  for 
oxygen  evolution  reaction  (OER),  while  the  latter  being  viewed  as 
the  best  phase  of  MnOx  for  the  OER  [30].  It  was  also  reported  that  if 
composited  with  conductive  carbons  the  nanosized  MnO  could 
have  an  excellent  electrocatalytic  activity  for  oxygen  reduction  re¬ 
action  (ORR)  [31  .  The  aforementioned  studies  of  MnO  were  all 
carried  out  in  alkaline  electrolytes.  As  a  result,  it  is  worthwhile 
investigating  whether  such  materials  have  the  similar  catalytic 
activities  for  the  Li-02  batteries  with  the  nonaqueous  electrolytes, 
which  has  not  ever  been  reported  according  to  our  knowledge. 
Moreover,  it  can  be  expected  that  the  easily  synthesized  composites 
of  MnO  and  conductive  carbons  can  well  control  the  surface 
morphology  and  defect  chemistry  of  the  cathodes,  which  are  key 
factors  influencing  the  transport  kinetics  of  electrons,  ions  and  gas 
species  during  Li-0  reactions. 

Therefore,  in  this  work,  composites  of  MnO  nanoparticles 
adhered  to  mesoporous  nitrogen-doped  carbons  (MnO-m-N-C)  are 
synthesized,  and  their  influence  on  ORR  and  OER  in  the 
nonaqueous  Li-02  batteries  is  investigated.  Note  that  the  selection 
of  nitrogen-doped  carbons  is  not  only  owing  to  the  fact  that  they 
are  natural  products  after  synthesis  used  the  method  presented 
here  but  also  because  that  they  presumably  can  improve  the  elec¬ 
tronic  transport  property  and  increase  the  surface  reactivity  of 
carbons  [32,33  .  It  is  found  that  the  MnO-m-N-C  composites  have 
promotion  effects  on  both  ORR  and  OER.  Especially  for  the  charge 
processes,  linear  sweep  voltammetry  technique  reveals  that  the 
MnO-m-N-C  composites  lead  to  smaller  onset  potentials  of  OER 
than  the  pure  Ketjen-black  (KB)  carbons.  This  correlates  with  early 
decomposition  of  Li202  and  the  reduced  charge  overpotentials 
during  cycles  in  the  case  of  MnO-m-N-C  incorporated  into  KB- 
carbon-based  cathodes.  The  good  performance  of  the  composites 
is  attributed  to  the  synergetic  effect  between  the  MnO  nano¬ 
particles  and  the  conductive  m-N-C. 

2.  Experimental 

The  synthesis  of  MnO-m-N-C  hybrid  materials  referring  to 
Ref.  [31  with  some  modifications  were  described  in  detail  in 
Supplementary  Data.  TEM  and  HRTEM  measurements  were  carried 
out  by  a  JEOLJEM-2100F  TEM.  XRD  analyses  of  the  MnO-m-N-C  and 
the  discharged/charged  electrodes  were  performed  using  a  Bruker 
D8-Discover  diffractometer.  HAADF-STEM  and  EDS  elemental 
mappings  were  collected  on  a  FEI  Magellan  400  extreme  high 
resolution  scanning  electron  microscope  (SEM).  Cyclic  voltamme¬ 
try  (CV)  and  linear  sweep  voltammetry  (LSV)  were  performed  in  a 
three-electrode  cell  with  a  dual  reference  electrode  [34  ,  a  gauze 
platinum  counter  electrode  in  area  of  1  cm2,  and  a  working  elec¬ 
trode  consisting  of  a  glass  carbon  in  diameter  of  3  mm  coated  with 
MnO-m-N-C  or  KB  carbons.  The  loading  of  MnO-m-N-C  or  KB  was 
0.1  mg  cm-2.  Two-electrode  Li-02  cells  in  Swagelok-type  were 
assembled  in  an  Ar-filled  glove  box  (M-Braun,  Germany)  with  both 
moisture  and  oxygen  content  below  0.1  ppm.  Components  for  each 


battery  include  a  0.25-mm-thick  lithium  anode,  a  glass  fiber 
(012  mm,  GF/B,  Whatman)  separator  saturated  with  1  M  LiCF3S03- 
TEGDME  electrolyte  (H2O  <  5  ppm),  and  an  air  cathode  in  diameter 
of  10  mm.  The  air  cathodes  were  constructed  from  a  slurry  con¬ 
sisting  of  the  MnO-m-N-C,  KB  carbons  and  the  polyvinyl  difluoride 
(PVDF)  binder  in  a  weight  ratio  of  45:45: 10,  or  sole  KB  carbons  with 
the  PVDF  binder  (weight  ratio  90:10),  which  was  pasted  on  a 
microporous  polyethylene  (PE)  separator  (Asahi  Kasei  Co.)  with  a 
thickness  of  20  pm  and  dried  in  vacuum  at  60  °C  for  12  h.  After 
assembly,  each  Li-02  battery  was  sealed  in  a  home-made  airtight 
stainless  steel  chamber  with  an  inlet  and  outlet  tube  for  oxygen 
flowing.  With  oxygen  flowing,  the  cells  were  firstly  rested  for  4  h, 
and  then  measured  using  an  Arbin  BT2000  cycler.  The  values  of 
discharge-charge  capacities  were  calculated  using  the  weight  of 
active  materials.  After  measurement,  the  discharged  or  charged 
cathodes  were  taken  out  from  the  cells  in  the  Ar-filled  glove  box, 
washed  with  CH3CN  (purified  with  fresh  activated  molecular  sieve, 
H20  <  4  ppm)  and  dried  under  vacuum.  Then  they  were  used  for 
XRD  and  SEM  characterizations.  Note  that  all  those  samples  were 
treated  carefully  without  exposing  to  ambient  air.  More  details  on 
experiments  can  be  found  in  Supplementary  Data. 

3.  Results  and  discussion 

Fig.  1  (a)  and  (b)  show  the  transmission  electron  microscope 
(TEM)  and  high-resolution  TEM  images  of  the  synthesized  MnO-m- 
N-C.  From  these  figures,  it  can  be  seen  that  the  carbons  are  hollow 
and  its  shells  in  thickness  of  approximately  5  nm  (Fig.  1(b)).  These 
shells  connect  with  each  other  and  form  a  continuous  conducting 
network.  Inside  the  hollow  carbons,  crystalline  MnO  particles  in 
size  of  approximately  10  nm  can  be  clearly  identified  (Fig.  1(b)). 
Moreover,  it  can  be  found  that  the  MnO  nanoparticles  are  adhered 
to  the  shells  of  the  mesoporous  carbons.  This  feature  should  be  very 
helpful  for  transferring  electrons  from  the  carbons  to  the  MnO 
nanoparticles.  Fig.  1(c)  shows  a  high-angle  annular  dark  field 
scanning  transmission  electron  microscopy  (HAADF-STEM)  image 
of  MnO-m-N-C  composites.  Since  the  high  atomic  number  Z  of 
elemental  Mn,  the  distribution  areas  of  MnO  are  imaged  as  bright 
spots.  Fig.  1(d) — (f)  give  the  energy  dispersive  spectrometer  (EDS) 
elemental  mappings  of  carbon  (Id),  oxygen  (le)  and  manganese 
(If).  It  can  be  seen  that  the  carbon  and  oxygen  elements  are  ho¬ 
mogeneously  distributed  in  the  whole  detected  area,  while  the  Mn 
distributed  among  them  separately.  The  XRD  pattern  shown  in 
Fig.  1(g)  indicated  that  both  the  MnO  and  the  carbon  shells  are 
crystalline,  which  are  consistent  with  the  HRTEM  results  shown  in 
Fig.  1(b).  Measurement  of  nitrogen  adsorption-desorption  iso¬ 
therms  (Fig.  1(h))  reveals  a  BET  surface  area  of  438  m2  g-1,  and  a 
hysteresis  loop  in  the  range  of  0.45-1.0  P/Po  which  indicates  exis¬ 
tence  of  a  mesoporous  structure.  Calculation  of  pore  size  distribu¬ 
tion  reveals  a  sharp  peak  centered  at  5  nm  (Fig.  1  (i)),  which  is 
attributed  to  the  mesoscopic  pores  distributed  at  the  carbon  shells. 
Note  that  the  pore  size  of  the  carbons  presented  here  (i.e.  5  nm)  is 
smaller  than  that  of  13  nm  in  Ref.  [31  ,  which  is  in  agreement  with 
the  larger  specific  surface  area  of  438  m2  g_1  here  in  comparison  to 
that  of  236  m2  g-1.  In  addition,  XPS  shown  in  Fig.  l(j)  clearly  in¬ 
dicates  a  typical  peak  of  N  Is,  which  is  attributed  to  nitrogenization 
of  the  carbon  35].  This  peak  can  be  deconvoluted  into  three  Lor- 
entzian  peaks  attributed  to  C-N,  C=N  and  N-0  bonds,  respec¬ 
tively,  as  displayed  in  Figure  SI.  All  the  above  results  demonstrate 
that  the  crystalline  MnO  nanoparticles  are  embedded  in  the  mes¬ 
oporous  nitrogen-doped  carbon  shells  and  the  MnO-m-N-C  com¬ 
posites  were  successfully  prepared. 

The  first  discharge  and  charge  behaviors  of  the  KB-carbon-based 
cathodes  without  and  with  the  MnO-m-N-C  have  been  investigated 
in  the  Li-02  batteries  with  tetraethylene  glycol  dimethyl  ether 
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Fig.  1.  (a)  Representative  TEM  image  and  (b)  HRTEM  image  of  the  MnO-m-N-C.  (c)  HAADF-  STEM  image  of  MnO-m-N-C  and  the  corresponding  EDS  elemental  mappings  of  carbon 
(d),  oxygen  (e)  and  manganese  (f).  The  white  bars  in  (c)-(f)  represent  the  scale  of  100  nm.  (g)  XRD  pattern  of  the  MnO-m-N-C.  The  pattern  of  MnO  (JCPDS  07-0230)  is  given  for 
comparison,  (h)  Nitrogen  adsorption  and  desorption  isotherms  of  the  MnO-m-N-C  and  (i)  pore  size  distribution  curves,  (j)  XPS  of  the  MnO-m-N-C.  The  peak  from  N  Is  is  marked 
with  the  red  circle.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article). 


(TEGDME)-based  electrolytes.  As  shown  in  Fig.  2  (a),  the  discharge 
capacity  offered  by  the  cathode  composed  of  both  KB  and  MnO-m- 
N-C  is  much  larger  than  that  resulting  from  two  kinds  of  composite 
cathodes  prepared  by  mixing  m-N-C  or  MnO  (commercial  MnO 
powders  ball-milled  for  6  h,  particle  size  is  about  -500  nm) 
respectively  with  KB  carbons  (m-N-C/KB  and  MnO/KB)  and  the  sole 
KB  carbons.  Note  that  the  Li202  as  the  dominant  products  formed 
upon  discharge  and  decomposed  on  charge  have  been  confirmed  as 
shown  in  Figure  S2.  The  above  results  clearly  indicate  that  more 
Li202  are  formed  owing  to  the  introduction  of  MnO-m-N-C  into  the 
cathode.  Cyclic  voltammetry  (CV)  scans  in  the  02-saturated 
TEGDME:  LiCF3S03  solutions  are  also  carried  out  for  both  KB  and 
MnO-m-N-C,  the  results  of  which  are  shown  in  Fig.  2(b).  Both 


materials  exhibit  a  cathodic  peak  at  approximately  2.5  V  and  an 
anodic  peak  at  approximately  3.2  V,  corresponding  to  the  oxygen 
reduction  and  evolution  processes,  respectively.  It  can  be  seen 
clearly  that  the  ORR  and  OER  peaks  are  asymmetrical,  which  in¬ 
dicates  that  the  two  reactions  are  irreversible.  This  result  is 
consistent  with  previous  papers  [36,37  ,  which  demonstrates  that 
the  pathways  followed  on  ORR  and  OER  are  different.  In  contrast, 
the  MnO-m-N-C  shows  a  higher  cathodic  current  than  the  KB, 
further  indicating  its  superior  oxygen  reduction  ability.  Note  that 
the  surface  area  of  MnO-m-N-C  (438  m2  g-1)  is  smaller  than  that  of 
KB  (815  m2  g-1).  The  improved  ORR  should  be  attributed  to  the 
synergetic  effect  between  the  MnO  nanoparticles  and  the  nitrogen- 
doped  carbons  rather  than  the  increase  of  reactive  sites  [31,38-40]. 
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Fig.  2.  (a)  The  first  discharge  and  charge  profiles  of  the  KB-based  cathodes  incorporated  with  the  MnO-m-N-C,  m-N-C  and  MnO,  respectively,  and  pure  KB  cathodes,  which  were 
tested  at  a  current  density  of  200  mA  g  1  in  a  voltage  range  of  2.0-4.5  V.  (b)  CV  curves  for  the  MnO-m-N-C  and  sole  KB  tested  in  oxygen  saturated  0.1  M  UCF3SO3-TEGDME 
electrolytes  with  a  scan  rate  of  0.1  mV  s"1.  The  measured  potential  has  been  converted  to  the  Li/Li+  voltage  scale,  and  the  current  normalized  by  the  area  of  glass  carbon  electrode, 
(c)  The  batteries  based  on  the  KB  carbons  without  and  with  the  MnO-m-N-C,  with  the  m-N-C  are  cycled  with  the  same  discharge  cutoff  capacity  of  2400  mAh  g~\  except  that  with 
MnO  discharged  to  2.0  V.  SEM  images  for  (d)  the  cathodes  composed  of  the  sole  KB-carbon  cathodes  and  (e)  those  with  the  MnO-m-N-C,  both  of  which  are  recharged  to  3.75  V 
following  the  discharge  to  2400  mAh  g  1  (denoted  by  d  and  e  in  the  figure),  (f)  LSV  tests  of  the  KB  as  well  as  the  MnO-m-N-C. 


In  addition,  Fig.  2(a)  and  (b)  indicate  that  the  MnO-m-N-C  leads 
to  the  lower  charge  potential  and  the  larger  anodic  current  in  the 
OER,  respectively.  To  clearly  disclose  the  influence  of  MnO-m-N-C 
on  OER,  the  batteries  based  on  the  KB  carbons  without  and  with  the 
MnO-m-N-C  are  discharged  with  the  same  capacity  cutoff  of 
2400  mAh  g-1,  and  then  recharged  to  the  voltage  of  ~4.5  V.  As 
shown  in  Fig.  2(c),  the  battery  with  the  MnO-m-N-C  shows  lower 
charge  overpotentials  compared  with  that  consisting  of  sole  KB 
carbons,  especially  in  the  potential  range  from  2.9  to  4.0  V.  To 
visualize  the  effect  of  MnO-m-N-C  on  promoting  decomposition  of 
Li202,  we  checked  the  SEM  images  for  the  cathodes  composed  of 
sole  KB-carbon  cathodes  and  those  with  the  MnO-m-N-C,  both  of 
which  are  recharged  to  3.75  V  following  the  discharge  to 
2400  mAh  g-1  (Fig.  2(d)  and  (e)).  While  many  compact  small  toroid 
particles  (in  size  of  -200  nm)  corresponding  to  the  typical  Li202 
crystals  are  clearly  visible  on  surface  of  the  sole  KB  cathode 
(Fig.  2(d)),  no  such  particles  can  be  observed  on  surface  of  the  KB 
cathode  with  the  MnO-m-N-C  composites  (Fig.  2(e)).  This  means 
that  under  the  same  charge  condition  the  MnO-m-N-C  promotes 


the  decomposition  of  Li202  that  is  formed  during  discharge, 
implying  that  the  MnO-m-N-C  has  a  superior  promotion  influence 
on  OER.  In  the  previous  report  [22  ,  Nazar  et  al.  found  that  the 
C03O4  grown  on  the  reduced  graphene  oxide  (RGO)  did  not  show 
the  conventionally  electrocatalytic  activity  for  OER  compared  to  the 
pure  carbon.  Instead,  it  promotes  the  Li202  decomposition  by 
enhancing  the  mass  transport.  They  drew  this  conclusion  because 
nearly  the  same  onset  potentials  of  OER  were  detected  for  the 
C03O4/RGO  on  KB  and  the  pure  KB-based  cathodes  by  the  linear 
sweep  voltammetry  (LSV)  measurement.  To  examine  whether  the 
MnO-m-N-C  has  the  effect  similar  to  or  different  from  the  C03O4 / 
RGO,  the  LSV  measurement  was  carried  out  on  the  MnO-m-N-C  in 
the  TEGDME:  LiCF3S03  solution  in  comparison  to  that  on  the  KB. 
Similarly,  the  glass  carbons  coated  with  the  testing  materials  were 
used  as  the  working  electrodes.  Each  measurement  was  conducted 
by  firstly  holding  the  voltage  at  2.25  V  for  1  h  to  deposit  Li202  on  the 
working  electrode,  then  swept  the  voltage  from  2.25  V  to  4.7  V  (vs. 
Li/Li+)  at  a  scan  rate  of  0.1  mV  s-1.  The  current  responses  monitored 
during  the  Li202  deposition  at  2.25  V  for  the  two  kinds  of  electrodes 
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are  shown  in  Figure  S3.  Calculation  of  the  equivalent  specific  ca¬ 
pacity  corresponding  to  the  above  constant-voltage  hold  indicates 
that  approximately  784  mAh  g-1  is  yielded  for  the  MnO-m-N-C  and 
521  mAh  g-1  for  the  KB  (detailed  calculations  are  given  in  the  texts 
following  Figure  S3).  This  means  that  a  comparable  amount  of  U2O2 
is  formed  on  the  two  electrodes.  As  shown  in  Fig.  2(f),  when  the 
potential  being  scanned  from  2.25  V  to  4.7  V,  while  the  onset  po¬ 
tential  of  OER  for  the  KB-carbon  is  approximately  3.0  V,  that  for  the 
MnO-m-N-C  is  as  low  as  2.85  V.  It  is  clear  that  the  MnO-m-N-C 
reduces  the  onset  potential  of  OER  by  0.15  V,  which  is  different  from 
the  behavior  of  reported  C03O4/RGO  [22  .  This  difference  indicates 
that  the  MnO-m-N-C  has  a  better  promotion  effect  on  charge 
transfer  in  OER  than  the  previously  reported  C03O4/RGO. 

It  was  recently  pointed  out  that  two  components  of  Li-0  could 
be  formed  during  discharge.  One  is  the  oxygen-rich  Li2_*02  with 
superoxide-like  character  formed  owing  to  the  porosity  of  the 
active  carbon,  which  shows  the  charge  potential  ranging  from  3.2  V 
to  3.5  V.  The  other  is  the  Li202,  which  shows  the  decomposed  po¬ 
tential  at  approximately  4.2  V  [41  .  As  a  result,  besides  the  pro¬ 
motion  effect  of  the  MnO-m-N-C  on  OER,  its  beneficial  influence  on 
formation  of  more  oxygen-rich  Li2_*02  during  discharge  could  not 
be  excluded  for  explanation  of  the  reduced  charge  overpotentials. 

In  fact,  it  is  worth  noting  that  neither  the  m-C-N  nor  the  pure 
MnO  composites  can  lead  to  the  same  reduced  charge  potentials  as 
the  MnO-m-N-C  composites  (as  shown  in  Fig.  2(a)  and  (c)).  More¬ 
over,  the  onset  potential  of  OER  induced  by  the  MnO  is  2.93  V  and 
that  by  the  m-C-N  is  2.98  V,  as  revealed  by  the  LSV  measurement 
(Figure  S4).  Previous  reports  also  indicated  that  the  nitrogen-doped 
carbons  showed  no  OER  activity  in  the  nonaqueous  Li-02  batteries 
[42].  As  a  result,  the  promoted  OER  observed  here  should  be 
attributed  to  the  synergetic  effect  of  the  m-C-N  and  the  MnO 
nanoparticles.  The  good  electronic  conduction  of  nitrogen-doped 


carbons,  reduced  size  of  MnO  particles,  and  their  good  connec¬ 
tion  should  account  for  such  superior  promotion  effect.  In  addition, 
the  full  discharge  and  charge  behaviors  of  the  cathodes  with  MnO- 
m-N-C  and  KB  operated  under  Ar  were  also  examined.  The  results 
are  shown  in  Figure  S5,  which  indicates  that  the  cathodes  have  no 
electrochemical  activities  under  Ar  atmosphere.  Therefore,  it  can  be 
concluded  that  the  composite  of  MnO-m-N-C  and  KB  exhibits  a 
good  catalytic  effect  on  the  electrochemical  performance  of  the 
battery  under  O2. 

Cycle  performance  of  the  batteries  with  the  MnO-m-N-C  is 
investigated  as  the  discharge  capacity  maintains  800  mAh  g-1. 
Fig.  3  (a)  and  (b)  show  the  first  and  19th  cycle  curves  of  the  batteries 
using  the  KB  and  MnO-m-N-C  composites,  in  comparison  to  those 
with  the  sole  KB  cathodes.  Here  the  weight  ratio  of  MnO-m-N-C 
versus  KB  is  1:1,  since  the  cathodes  with  this  ratio  exhibit  better 
performance  than  others  in  terms  of  charge  overpotential  and  cycle 
stability  (as  can  be  seen  in  Figure  S6).  Furthermore,  the  homoge¬ 
neous  mixture  of  MnO-m-N-C  and  KB  is  important  for  observing 
the  synergetic  effect.  As  a  result,  the  situation  of  dispersion  of  MnO- 
m-N-C  with  KB  was  examined  by  SEM,  which  is  given  in  Figure  S7.  It 
can  be  seen  that  the  two  materials  are  homogeneously  mixed. 
Fig.  3(a)  and  (b)  indicate  that  the  reduction  of  charge  overpotential 
occurs  in  the  range  of  2.9-4.7  V,  in  contrast  to  the  range  of 
2.9-4.0  V  in  the  case  of  discharge  capacity  cutoff  at  2400  mAh  g-1 
(Fig.  2(c)).  This  indicates  that  the  influence  of  MnO-m-N-C  on 
charge  overpotential  becomes  more  predominant  with  decreasing 
depth  of  discharge.  If  calculated  the  charge  overpotentials  (^chg)  by 
subtracting  the  thermodynamic  equilibrium  potential  of  Li202 
formation  (2.96  V  vs  Li/Li+)  from  the  potential  at  the  middle  point  of 
each  slope  charge  curve,  the  values  of  ijc hg  as  a  function  of  cycle 
number  can  be  plotted  as  shown  in  Fig.  3(c).  It  can  be  found  that  the 
charge  overpotentials  for  the  battery  with  the  MnO-m-N-C  are 


Capacity  /mAh  g  1 


Fig.  3.  (a)  The  first  and  (b)  the  19th  cycle  curves  of  the  battery  with  KB-based  cathodes  with  or  without  the  MnO-m-N-C  composites,  which  were  tested  at  a  current  density  of 
200  mA  g_1  in  a  voltage  range  of  2.0-4.65  V.  (c)  The  charge  overpotential  (r?Chg)  as  a  function  of  cycle  number  for  the  KB-based  cathodes  with  or  without  the  MnO-m-N-C 
composites.  Each  value  of  r\c hg  is  calculated  by  subtracting  the  thermodynamic  equilibrium  potential  of  U202  formation  (2.96  V  vs  Li/Li+)  from  the  potential  at  the  middle  point  of 
the  slope  charge  curve  of  (a)  and  (b),  respectively,  (d)  The  discharge  capacity  as  a  function  of  cycle  number  for  the  KB-based  cathodes  with  or  without  the  MnO-m-N-C  composites. 
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approximately  0.2-0.4  V  smaller  than  those  for  the  battery  without 
it.  Moreover,  as  shown  in  Fig.  3(d),  the  battery  with  the  addition  of 
MnO-m-N-C  runs  for  30  cycles  with  maintaining  the  initial  capac¬ 
ity,  whereas  the  battery  without  it  only  runs  for  only  19  cycles.  It  is 
well  known  that  the  electrolyte  used  here  (e.g.  TEGDME:LiCF3S03) 
has  the  stability  issue  against  02  radical  species,  especially  after 
charging  [43  .  Thus,  further  reduction  of  the  charge  overpotentials 
and  extension  of  the  cycle  number  should  be  possible  if  suppress¬ 
ing  the  side  reactions  between  the  electrolyte  and  the  carbon- 
based  electrode  [20,44  ,  which  is  the  direction  of  our  future 
research. 

4.  Conclusions 

The  MnO-m-N-C  composites  are  synthesized  and  their  function 
in  the  nonaqueous  Li-02  batteries  has  been  investigated.  They 
promote  both  oxygen  reduction  and  oxygen  evolution  reactions. 
LSV  measurements  reveal  that  the  MnO-m-N-C  composites  lead  to 
early  decomposition  of  Li202  compared  to  the  pure  KB  carbons.  This 
is  attributed  to  the  nanosized  MnO  particles  and  their  good 
connection  with  the  conductive  mesoporous  nitrogen-doped  car¬ 
bons,  which  is  beneficial  to  charge  as  well  as  mass  transfer  in  OER. 
Accordingly,  the  batteries  with  the  incorporated  MnO-m-N-C  show 
the  reduced  charge  overpotentials  and  extended  cycle  life.  These 
results  indicate  that  the  cathodes  with  improved  efficiency  for  the 
nonaqueous  Li-02  batteries  are  achievable  on  basis  of  the  syner¬ 
getic  effect  between  the  transition-metal  oxides  and  the  conductive 
carbons. 
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